INTRODUCTION
T cell activation triggers multiple molecular events including the activation of protein tyrosine kinases (PTKs), formation of multi-protein signaling complexes, and activation of enzymes and transcription factors (25, 37, 47) . Cytoskeletal actin reorganization is also dependent on these events initiated at the T cell-antigen presenting cell (APC) interface, the immunological synapse (IS). Interference with actin dynamics results in an impaired immune response and can induce T cell anergy (40) .
We and others (2, 4, 8, 11, 12, 16) have demonstrated complex molecular events linking T cell antigen receptor (TCR) activation to actin rearrangement. One major pathway, mediated by the activation of multiple PTKs, leads to phosphorylation of the adapter molecules linker for activation T cells (LAT) and SH2-domain-containing leukocyte protein of 76 kDa (SLP76). Phosphorylation of SLP76 leads to recruitment of the Nck adapter molecule, which is associated with key regulators of the actin cytoskeletonWiskott-Aldrich Syndrome protein (WASp) and WAVE2.
The molecular structure of SLP76 consists of an N-terminal SAM domain (41) , an acidic domain containing tyrosine residues subject to phosphorylation, a central proline-rich region, and a C-terminal SH2 domain. Phosphorylation of the tyrosines allows the interaction of SLP76 with the adapter Nck, the Rho-family GEF, VAV, and Itk, all via their SH2 domains (5, 8, 48, 49, 51) . The interactions of SLP76, Nck, and VAV are essential for the activation of WASp and its recruitment to the IS (51) . TCR engagement also induces the association of the SLP76 SH2 domain with the adhesion-and degranulation-promoting adapter protein, ADAP and to the serine-threonine kinase, hematopoietic progenitor kinase-1 (HPK-1) (38) . In addition to SLP76, ADAP is capable 6 Farmington, CT, USA and by D. Nelson from the National Cancer Institute, National
Institutes of Health, Bethesda, MD, USA, respectively. The cDNAs were cloned into the expression vector pECFP-C/N or pEYFP-C/N to obtain CFP or YFP-tagged proteins.
Aequorea GFP derivatives were rendered monomeric by the A206K substitution described by Zacharias, D. A. et al. (50) .
Primary cell culture, cell transfection and generation of stable cells. Human T lymphocytes were prepared from the peripheral blood of healthy donors as described previously (27) . Cells were transfected with an AMAXA electroporator using AMAXA solution. Transiently transfected T cell cultures and stable clones were used in this study.
Stable clones were derived from transiently transfected cells using a combination of drug selection and cell sorting. Cell fluorescence analysis and cell sorting were performed on a FACSVantage (BD Biosciences).
Cellular and live cell imaging. Dynamic fluorescent and Interference Reflection
Microscopy (IRM) images were collected on a Zeiss 510 Meta confocal microscope.
Image stacks were collected over time, using an auto-focusing algorithm based on reflection images obtained by imaging the plane of the T cell-coverglass contact. All images were collected using a 63x Plan-Apochromat objective (Carl Zeiss). For live cell imaging, a hot-air blower (Nevetec) was used to maintain the sample at 37 0 C. Fine adjustments were made by using a digital temperature probe to monitor the buffer temperature in the chamber. Image processing and measurements were performed using the IP Lab software version 3.9.
Spreading Assay. Chambered coverglasses (LabTek) were cleaned by treatment with emission, 530 nm LP). FRET was corrected as described below and the FRET efficiency was determined.
FRET correction. The non-FRET components were calculated and removed using calibration curves derived from images of single-labeled CFP or YFP expressing cells.
Sets of reference images were obtained using the same acquisition parameters as were used for the FRET experimental images. To correct for CFP "bleed-through", the where FRETcorr is the pixel intensity in the corrected FRET image and CFP is the intensity of the corresponding pixel in the CFP channel image.
To increase the reliability of the calculations and to prevent low-level noise from distorting the calculated ratio, we excluded pixels below 50 intensity units and saturated pixels from the calculations and set their intensities to zero. These pixels are shown in black in the 'pseudo-colored' FRET efficiency images. Statistical analysis was performed using a standard Student t-test (14, 30).
In addition, colocalization analysis was performed by determining the Pearson's colocalization correlation coefficient, generated as previously described (42) , for each colocalization experiment. Imaris 4.2 software (Bitplane AG, Zurich Switzerland) was used to distinguish between actual colocalization from random association between signals from two labels in the entire 3D image. Pearson's colocalization coefficient varies from -1 to 1, when 1 means perfect colocalization and -1 means perfect exclusion.
Actin shape index.
A quantitative estimate of the actin shape changes was obtained as previously described (17) with some modifications: actin shape index = P 2 /4πS, where P and S are the perimeter and the surface of the cell, respectively. These values were obtained by thresholding images of phalloidin staining to outline the polymerized actin.
A perfectly circular shape of the polymerized actin yields a shape index of 1; departure 
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The SH2 domain of Nck does not exclusively mediate the binding to SLP76. Nck dimerization has been reported to be very weak and unlikely to be physiologically relevant (31) . However, to rule out the possibility that the mutant tagged Nck forms are recruited to the TCR complex by endogenous Nck, we performed several experiments.
Gene-silencing experiments of Nck were done with the aim to target only the endogenous molecules by using siRNA oligos corresponding to the Nck SH2 domain ( Since biophysical data eliminate the possibility that WASp phosphotyrosines bind directly to SLP76 SH2 domain (data not shown), we checked whether an SLP76 SH2-associated protein, i.e., ADAP, mediates this interaction. Previously, it was suggested that phosphorylation of ADAP enables its association via tyrosine 651 to the SLP76 SH2 domain (15, 19, 32) . In order to check this interaction in vivo, we incorporated a point mutation, Y651F, in ADAP and determined the binding between ADAP and SLP76 using molecular imaging. As seen in Figure S3B , the FRET efficiency between SLP76 and ADAP Y651F vs. ADAP wt was dramatically reduced to 9.1+2 vs. 16.9+0.6, respectively (p<0.002). Our results, obtained by an in-vivo system, support the evidence suggesting that the phosphorylated ADAP Y651 residue directly interacts with the SLP76 SH2 domain and partially mediates the interaction between SLP76 and ADAP (15, 19, 32, 46) . (Fig. 3A, bottom panel). Although a significant reduction of FRET efficiency was measured in cells expressing SLP76*SH2 compared to those expressing the SLP76 wt, a constitutive interaction between ADAP and SLP76*SH2 was detected (Fig. 3A-B) . Since recent studies using the two-hybrid system suggested that ADAP directly associates with Nck (28), we checked whether SLP76;ADAP interaction is also supported by Nck. J14 cells reconstituted with SLP76*SH2-YFP and stably expressing ADAP-CFP were genesilenced to Nckα,β, and FRET efficiency between ADAP and SLP76*SH2-YFP was determined. Our data clearly indicated a dramatic reduction in their interaction (2.4+1.6; p<0.00004) (Fig. 3B) . (Fig. 4A-B) . The expression levels of the fluorescence proteins used for FRET analysis in this study were determined by Western blot (Fig. S5A) .
To corroborate the interactions observed using imaging techniques, we evaluated the 
Furthermore, co-precipitation of WASp and ADAP was observed in the presence (J14/SLP76-YFP) and in the absence of SLP76 (J14) (Fig. S5B, top right panel) .
The interaction between SLP76 and ADAP was detectable in unstimulated and stimulated
cells. An interaction between SLP76 and ADAP also occurred in J14 cells expressing SLP76*SH2-YFP (Fig. S5B, bottom and WASp via its interaction with the SLP76 SH2 domain (Fig 5A and Fig. S6B ).
Loss of ADAP was previously shown to induce degradation of SKAP1 (24) . In order to check whether the effects observed with ADAP suppression might have occurred due the suppression of SKAP1, SLP76-YFP WASp-CFP expressing cells were treated with siRNA specific to SKAP1, and the interaction between SLP76 and WASp was determined by FRET analysis. Our data demonstrated no effect of SKAP1 downregulation (p<0.74) on this interaction (Fig. S6C) .
FRET was measured between SLP76 and ADAP in the presence or absence of a point mutation that inactivates the SLP76 SH2 domain (10.5%+1.45, p<0.0002) (Fig. 3A, bottom panel, and Fig. 3B ). This result indicates that partial association between SLP76
and ADAP occurs independently of the SLP76 SH2 domain. This result is in agreement with the immunoprecipitation data ( Fig. S5B ) and suggests alternative ways for recruiting ADAP to SLP76, potentially by the Nck;WASp complex.
Next, we analyzed the interaction between Nck and ADAP. Recent studies suggested that Nck directly associates with ADAP (28, 29) . In order to examine this interaction in-vivo, in our system, we used FRET analysis to investigate the binding of ADAP to the Nck FRET data clearly demonstrate that these proteins interact (24.7+2.2), and mutation at Nck SH2 domain dramatically decreased FRET efficiency (6.55+4.4) (Fig. 5B, p<0 .001). Next, in order to check the role of Nck and/or ADAP in this system, we used J14 cells expressing SLP76-YFP and WASp-CFP. Application of siRNA specific for Nckα,β or ADAP resulted in the partial impairment of actin distribution (Fig. 6) ; however, treating the cells with both siRNA to Nckα,β and ADAP dramatically abolished actin rearrangement, as measured by the actin shape index (Fig. 6 , lower panel and graph).
Both the spreading of the cells and actin rearrangement were poor, suggesting the requirement of both Nck and ADAP for optimal actin rearrangement.
Furthermore, in order to study the role of SLP76;ADAP interactions in actin rearrangement, ADAP-deficient T cells transfected with ADAP wt or ADAP mutated in SLP76-binding sites, Y595,625F were used, and their actin shape index was compared.
Our results demonstrate that the interaction of ADAP with SLP76 is important not only for SLP76;WASp interactions ( Fig. 5A ) but also for actin rearrangement, as shown in Figure S7B . Actin rearrangement of ADAP-deficient T cells expressing ADAP wt vs.
ADAP Y595,625F was dramatically impaired, as indicated by an increase in the actin shape index, 1.38+0.03 vs. 2.69+0.11, respectively (P<0.00003).
To confirm that the results obtained in transformed cell lines apply to primary T cells, human peripheral blood lymphocytes (PBLs) were isolated and transiently transfected with siRNA to Nckα,β or ADAP (Fig. 7A) . Effects similar to those observed in Jurkat cells were detected in PBLs (Fig. 7B) . Inhibition of Nckα,β or ADAP expression caused a slight impairment in actin rearrangement. However, inhibition of all three not only on July 7, 2017 by guest http://mcb.asm.org/ Downloaded from caused severe damage in actin distribution (p<0.000005), but also severely altered cell shape and spreading. Taken together, these data suggest that Nckα,β and ADAP participate cooperatively to stabilize the interaction between SLP76 and WASp and to transduce the signal to actin polymerization (Fig. S8) .
on SLP76 is known to bind the ADAP adapter molecule via its SH2 domain, upon phosphorylation of ADAP tyrosine residue 651 (15, 19, 32) . Indeed, using FRET analysis, we demonstrated that a point mutation, Y651F, in ADAP caused a dramatic reduction in the FRET efficiency between SLP76 and ADAP. In functional studies, we
showed that RNAi-mediated silencing of ADAP caused effects similar to the SLP76 SH2 domain mutation, including a decreased retention of SLP76 molecules at the TCR and a slight impairment of actin polymerization. The role of ADAP in integrin-mediated adhesion controlled by TCR-induced inside-out signaling is well known (36, 45, 46) , however, the involvement of ADAP in the actin cytoskeleton is a matter of debate (35) .
Previously, it was shown that ADAP-deficient T cells do not present any impairment in actin polymerization (22) . However, confocal studies revealed that ADAP colocalizes with F-actin filaments (18) and ADAP was recently shown to be involved in outside-in and inside-out T-cell signaling, which are known to involve the actin machinery (43, 46) .
Our studies point to a novel role of ADAP in TCR-mediated events and actin machinery. on July 7, 2017 by guest
